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project. 
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ABSTRACT 


Dares, 


In calculating the electric conductivity of gases and plasmas, it is 
not sufficient to define only one effective collision frequency. Two 
independent quantities are defined and tabulated as a function of the 
Yatios of microwave frequency to an average collision frequency for 


very weakly ionized O;, NM, and dry air, for 100° K <T <= 2000° XK; 
using the best experimental electron-neutral cross sections. 
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The average electron-neutral collision frequency (defined for 
microwave frequencies which are much greater than collision frequency) 
was tabulated for Np, 02, N, O, NO, and air for T < 10,000° K. At 
lower temperatures it was found that for air 
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vV(sec')= 210° Panug, for 200° < T < 600° K. 
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Also included are tables for an idealized single-component weakly 
ionized gas whose collision frequency has a power law depéndence on 
the vélocity (with the exponent in the range of -3 to + 3). 
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The data could be applied to the interpretation of the attenuation 
of electromagnetic waves through the ionosphere, through rocket ex- 
hausts, in plasma diagnostics, radar blackout, reentry phenomena, etc. 
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This report is being issued to facilitate the use of many numérical 
results for use in Project DEFENDER. These results will be incorporated 
with an extensive text in Transport Processes and Microwave Propaga- 
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NOTATION 


| 
velocity of light in a vacuum, ¢ = 3x10” om/sec 
thickness of plasma slab 
decibels, T(db) =-10 log,,T 
electron energy in electron volts, 1 ev = 11,606° K 
Boltzmann constant 
Loschmidt number, L, = 2.687110! om ® 
mass of electron 
number of electrons in 1 cm®, wp = 5.641x10* JN 
concentration of i-th specie per cm® 
electron neutral cross section for momentum transfer (in em?) 
absolute temperature in°® K (if not specified, T = T,) 
fraction of transmitted energy throu: homogeneous plasma 
Slab in dicibels 
electron velocity, T 
(W/V Jere /(W/V) 
(Wp /V ere /(Wp /V) 
Op /X, = (Wp /W ore /(Wp /W) 
complex dielectric constant, e«’ =¢, + ie, (Eq. 1) 


. ~ electron temperature 


wavelength of microwaves in a vacuum 
total collision frequency of electrons with neutrals and ions 
average collision frequéncy at w >> v, defined in Eq. 20 
mass density, gm/cem® 

Gomplex electric conductivity (Eq. 5) 


microwave angular frequency, w = 2nf = 2mc/h, 
4nN, €* 


(angular) plasma frequency, Wp = 2mfp, Wp = le 
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I, THE EFFECTIVE QUANTITIES 
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Let the complex dielectric constant of plasma in the absence of ex- 


ternal magnetic fields be written as 
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The complex conductivity, o’, 
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Thus, one can uniquely define 


(1) 


(2) 


(3) 


the following effective quantities 
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where 
g=¥ Iz (1 4+ B/ Ti), 
Furthermore, 
©, Meg We 
GO =- 
V-i0, 0 


A, VARIOUS CALCULATIONS OF I, AND Ip 


1. Solution for Weakly Ionized Plasma 
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For a given plasma, one can in principle obtain the total collision 


frequency as the sum of elecron ion and electron neutral collision 


frequency; then v = v(v). For a given electron distribution function 


£,° we have>?*>> (weak electric fields‘) 
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Lorentz-Langevin Theory 


For v = constant = v(T,9) the previous theory gives the classica1*?® 
result for Maxwellian distribution 
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OQ, = = =1. 
3. The value of the here introduced, and later tabulated (Table 
XIV, etc.) corrections (a, a3, and as) is that these allow us 
using any previously solved cases of propagation of electromag- 
netic waves through a given plasma by interpreting the used w/v 
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w,/w and w/y as actually effective quantities. Thus, if somebody 
previously solved numerically homogeneous plasma Slab using Lorentz! 
conductivity for w,/w = 1.0 and w/y = 0.09 (with constant y), we can 
still use the results for velocity dependent y by interpreting the 
parameters as (w,/w)e,, = 1.0 and (w/v),,, = 0.09. Then, for ex- 
ample, for a particular plasma (é€.g., v~v*, Table XVII, p. 136) for 
a given w,/w = 6.6741 one obtains a, = 0.6741 and w/% = 0.025. Thus, 
the reflection, transmission, etc. of the plasma having y ~ v*® and 

wp /w =.6741 and w/) = 0.025 are exactly the same as for a plasma 
having vy = constant, w/w = 1.0 and w/y = 0.09. 
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B, APPROXIMATE SOLUTIONS FOR THE ELECTRICAL CONDUCTIVITY OF A PLASMA 
OF ANY DEGREE OF IONIZATION 
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Applying a series expansion of Laguerre polynominals in the solu- 
tion of a plasma kinetic equation in which Coulomb collisions were 
deseribed by the Fokker-Planck collision term and electron neutral 
collisions by the Boltzmann collision term, Shkarofsky” obtained the 
electric conductivity in terms of infinite matrix A (defined in his 
paper), Our functions I, and Ig are relatéd to his A as follows: 


t, =~ Re ({444) (21) 
Vv 


and ; ae 
Ip =" Im ¢ {ert (22) 
Vv 


where V is any average collision frequency and A, is the first minor 
of the A determinant. For Coulomb collisions (including the electron- 
electron term), their result is identical with Landshoff's$ however, 
their calculations were performed on a 44 matrix, which is one order © 
higher than that used by Landshoff in his treatment of a fully ionized 
gas, 
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where g, and h, are listed in Ref. 7 for certain plasmas, and where 


o’ = (1, + in) (24) 
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All theories reduce in case w >> v to Eqs. 17, 18, and 19, The use 
of the Fokker-Planck equation in this method restricts w to be less 
than w, for fully ionized plasmas. 


We have generalized this method to include any degree of ioniza- 
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tion for arbitrary dependonce of cross sections on electron energy 
to any size of the determinants. Results will be given in a table of 
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effective quantities in a subsequent report??? In this paper we list L 
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(W/V dare d | 
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(which corresponds to weakly ionized gas theory for the case of w >> Vv). 
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For practical evaluation of the integrals it is convenient to ex- 
amine the dependence of cross sections on energy E given in electron ° 
volts (see Table III), Let 


(W) = 2 oy at, = of (SRE) we (32) 
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1.1606x10* E,y . 
WwW =——-— (35) 
T(°XK) 
and N,; is the number of i-th particles in 1 cm®, given by the rélation 
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where L, is the Loschmidt number and p is the mass density. Often in 
the literature of this topic appears the average collision frequency 
taken at the energy of kT, i.e., 


Me V3 Ex = kT, Q@ = Q(E,)3 Va = NQivy 


For a simple energy dependence of the cross section in one component 
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etc. In Table XVI] we list éffective corrections a,, a, and ag for 
n= -3, -2:5, -2.0, ...2.5, 3:0, where 
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II, USE OF EFFECTIVE a'S IN MICROWAVE . 
PROPAGATION THROUGH HOMOGENEOUS PLASMA SLAB 


For a homogeneous plasma slab under the condition* that uw? < w? + v? 
and 
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we + Vv? 


(i.ée., fore, ~ 1, e, << 1), the fraction of the transmitted microwave 


energy is given (in decibels) byt 


T(db) = -10 logy &° = 1.447%10°™ ay den (43) 
+ V 


Expressing the formula through correct effective quantities we obtain 


T¢s) = 1.477%10°5 
km 
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The conditions for low temperature air are 
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For w >> v for air at T = 250° K (Model I) 
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and where N, is the number of free electrons per cm? in air. 


Table XVI gives effective M1, G2, %, and S as a function of w/d, 
Also given in the table are the following functions versus w/\: 
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The computed corrections G, G, and a can also be used in the presence 
of magnetic fields? For the case when the éléctron concentration N, 
(em * ) and the collision frequency are functions of the altitude in thé 
earth's upper atmosphere, then (assuming slow variations of N, and v):_ 
the approximate attenuation from 0 to the altitude ho (km) is 


Mo ae(h) Og (h) Ne(h) 5(h) = 
a 4.604 x 10 J a2 (h) uw? 4 ¥ (h) (92) 


and where @,, 0, and a, are functions of an altitude through their 
dependence on w/\, 


The inverse problem of finding N,(h) and v(h) from the radio at- 
tenuation in the ionosphere was worked out recently by various au- 


thors29237938 tH actuality such methods yield only 


N3‘*(h) = Ne(h)+ a (h) o (fh) 
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so that later the attenuation can be computed from 
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IIIT, UNCERTAINTIES IN THE EVALUATION OF INTEGRALS 
INVOLVING ELECTRON-NEUTRAL COLLISION CROSS SECTIONS 
FOR MOMENTUM TRANSFER AS A FUNCTION OF EXECTRON ENERGY 


The uncertainty in the electron-neutral elastic cross sections for 
the momentim transfer* is about + 0.05x107!® oi? from a given experi- 
ment (e.g., molecular beam). The initial collection of results from 
the various methods of measurements of cross sectior:: by various in- 
vestigators™” 


ated = Eixand 


and from the various methods of calculations give dif- 
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ferent values (in the range of 0 to 2 ev), e.g., a factor up to 7 for 
Ne; of 3 for O02, of 2 for NO, of 3 for N, of 9 for 0, of 9 for A, etc. 
However, after careful review one decides on the most reliable measure- 
ment and theoretical calculation, Then the remaining uncertainty at 
best is still + 0.05%10°'!© om’. (For air AQ = + 0.05x10°!® om? gives 
AV = + 0.1%10!! p/p, at T = 300° K.) This limits the accuracy of 
integration at most to three or four significant digits. The five 
point Laguerre integration formula (Salzer and Zucker?) is definitely 
sufficient (see Table I) for a quick result. Table If indicates. the 
approximate range of energy at which the cross section is needed for 
various temperatures for the evaluation of the electric conductivity 
integrals. 


wae he 


= 


10 


The effect of changing all the electron-neutral cross sections by 
a constant Ag, can be shown to be equal to the following change in the 
average collision frequency Vv, 
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where Ag, is the added value to all cross sections in the units of 
10°15 ene 3 
Review of Cross Sections?? 
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EXAMPLES IN THE USE OF LAGUERRE FORMULA 
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£(W) ev dw > A, £(W, ) 
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1 0.26356 0.521756 

2 1.4134 0.398667 

3 

F 

5 


; i c 
Ait isameteiemanmstereis nenbnnnevtthennetnseeetacites seysanenninnis eenits bnanelanbit ins battnanannestersiie, ‘ ae 
: 


erator. ew 


3.5964 7.59424. 10°? 
70858 3.61176 10°? 
12.6408 2.33700x 10° 
‘Examples: 
___ f(y exact integral § point formula 10- point foriiiila 
0.999997 1.000000 
1.99998 2.000000 
6 5.99991 6.000000 
24 24.0000 24.0000 
120 119.998 120.0000. 
720 719.989 720.0000 
1.32934 1.3276. 2.3291 
3.32335 3.3249 3, 3234 
11.63173 11.6306 11.6317 
52.3428 52.3437 52.3428 
287.885 287.874 287.885 
1.7724 43932 1.5007 (1.5496)* 
0.5964 0.5951 0.59631 
W(I-e°" 73 0.85357 0.8516 0.85328 
wWa-e"24 yv 4 0.937098. 0.9335 0:9366 
Anw =0.5772157 -0.4535 -0.5147 (-0.5354)* 
é0sh = W 1.33333 1.33328 
sin W 0.5 0.49891 -0, 50000 
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In Table III we list cross sections (mean experimental and theo- 
retical values) with an assumed accuracy of + 0.00]x10°!° en® which __ 
gives for collision frequency of air at the best: 


RNa ed RI EE Bate 


nee 4 1 oy » 10711, sec! 


j 
H 
{ 
Model I 
i 


200 1.200 + 0.003 
250 1.491 + 0.004 : 
300 1.777 + 0.004 ; 


350 2.055 + 0.004 


As an upper bound variation in the cross-section data we may take 
the experimental uncertainty (within a given experiment) Ag, = +£0.05x 
10°1® om? which would give (Model I) for air 


= 


es 4 ts ae - 101!, sec! V Padu, ° 107°, sec? a 
: ° , 
| 
PY 200 1.20 + 0.16 2.16 + 0.28 
= 250 1.49 + 0.18 2.14 + 0.25 ; 
a 300 1.78 + 0.19 2.13 + 0.23 
350 2.05 + 0.21 2.11 + 0,21 


The change in the effective ats due to change in the cross sections 
can be obtained only by a repeated numerica”. integration. 
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IV. REVIEW OF CROSS SECTIONS AND 
DESCRIPTION OF TWO MODELS USED 


After the report was completed (Model I) we found a new experimental 
value of electron - 0, elastic cross section for the momentum trans- 


A 


fer below 1 ev in the report by Phelps ,1 and we recomputed colli- 


Extont 


sion frequencies and corrections to electric conductivity for 0, 

and for air (Model II). Just before publication of this report we 
found out from private communication by Phelps-° that his "new" 
cross section was wrong. We decided to keep the wrong result (Model 


07 BE ng Pepe eS STE TAREE meant, 


see a sso 


II) in the report* in order to illustrate thé drastic effect on the 


collision frequency at low temperatures and as an upper bound of 
collision frequency. The cross sections below 1 ev are known to have 
a rather violent history, both in the value and in the shape, which 
only after prolonged and repeated measurements by different methods 
and detailed calculations converge to some accepted value. There- 
fore, if any changes should occur in the future, Model II could be 


Freed 


sey Ma ere 


of some interpretative value. 
All computations in this report were performed using numerical 
integration method (Simpson's) and the cross sections were given at 
a Closely spaced even interval (see Table III) and interpolated 
wherever needed in numerical integration. Formulae for cross sec- 
tion for OQ, (in Model II) and for N, (in Model I and in Model IT) 
were used for a special energy range (see pp. 24 and 25). 
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* See Appendix, p. 152, Figs. 7 and 9. 
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FIGURE 3 Electron Momentum Transfer Cross Section for 0, 
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Comments on the Adapted Values (for the numerical integration) of 


nee mary ree me antes cov aniunnnamartmantsanmmanneanins penaauneiemereguniyttr Athan mucwevacatiain eehtcsnntthet Mas, 


(Used in Model IT) 


Electron Momentuin Transfer Cross Sections* f} Yi 
For OQ: f 
0.025 < E < 1.8 ev From review by Shkarofsky, Bachynski, and : 
Johnson’ (1961). ry b 
(Used in Model I and [Based on private communication to Shkarofsky U 
for E > 0.4 ev used 
an Sa ee II) ¥ et al. by R.W. Crompton and L.G.H. Huxley (sub- wi 
ject to a correct distribution) using data of f : 
R.A. Nielsen and N.E. Bradbury, Phys. Rev. 51, 
| 69 (1937).] The numbers were read from Fig. {| 
| 2a in Ref. 11 and extrapolated to energies be- 
i low 0.025 ev. 
12 , ‘ 3/4 
| 0.01 sE<0.09 ev Phelps’* (1963). HisQ, = 0.0305x10"25/E,, 


0.09 < E < 0.04 ev Extrapolated by Phelps?? Read from his graph. 


(Used in Model IT) See our Fig. 2.%* 
0sE<0.01 Linear interpolation from 1963 Phelps if 
(used in Model IT) (see above) to our guessed value at E = 0 of 
Q = 1.0x10725 om?. (In calculating collision f} 
frequency we multiply Q by vee=* /eet and in- 
tegrate, i.e., this guessed value will result t : 
U 


was used.** t 


12 value** 


Teiiee at TES 
ww eannenas rinemneacinee en nae vonenne retain 


in a small error to the total integral as long | 
as Q does not go faster to infinity at zero ve- 
locity as 1/v®.) | 
1.8 < E < 6.8 ev Briiche?® (1927). Shape verified by Neynaber ' 
| 
| 
i 
| 


et al2* (1961). [ 
For Np: 

3,107? < E < 0.05 ev Data by Pack and Phelps’? (1961) are given by [3 
the formula. 
} 
| eee 1 
* Detailed review for all elements is in preparation/? 
| ** According to latest private communication by Phelps?° his experi- : 
i mental Q(0,) (used in Model II) was wrong. Can be used as upper (| 
j bound. 
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rare aie rca 
pamedahtbcuraimntine inmeimmeuesemend ave Linea 


For Nz (ant): 


0 <sE < 3x107° ev 


0.1 < E < 1.75 ev 


0.01 <E <7 ev 


For O: 
OsE <s 2 ev 


2<sE<s5 ev 


SsE<ll ev 


10-25 E,, 


0.531 - 3.15x10"*/F,, 


em? , 


this gives Q = 0.426x107!%cm® at BE = 0.05 ev 
Q = 0.129x1072® at E = 0.003 ev. 
By taking straight line approximation, so 
that its slope is equal to the slope given 
by above formula at E = 0.003 ev, we ob- 
tained . 
Q = 0.0945x10725 at E=0 
(See previous comment for Q at E = 0 of Q,) 
Based on R.W. Crompton and L.G.H. Huxley 
(private communication to Shkarofsky et al 
(1961)], who used data of R.A. Nielsen, Phys. 
Rev. 50, 950 (1936). Read from graph in 
Ref. 11. 
Recent data by Phelps (1963 to 1964) 
are in perfect agreement with above (see 


Pia Se ge AE a ERE SALOU LS IRE SES Chi aerienr ee =. 
Pea RSS et tar don Ses NE RMSE a eee eae bent 


14,26 


slight departure in our Fig. 1, which has 
no noticeable effect on the collision fre- 
quency). 


From graph in Bates and Massey-* (1947), 
with added p-wave contribution from Klein 
and Brueckner?” (1958), according to 
Neynaber et alee (1961), through a point by 7 
Lin and Kivel (1959). t 
The above theoretical data was joined smooth- 


ly to the following cross-section: 

From experiment by Neynaber, Marino, Rothe 
and Trujilo** (1961), (measured by 2.3 < 
E s 11.6 ev) 


Q= (5.5 + 0.4) x 10725 cm*. 
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For Ns: 
2.5 - 10 ev 


0.1 - 0.5 ev 
0.5 - 2 ev 


For NO: 
0.2 ev - 1.8 ev 


QO - 0.2 ev 
2 ev - 6.5 ev 


1.8 ev - 2.0 ev 


For A: 
O<E 


te 
q 


A a AE aL ATCT CTR DTT ER NE ie On 


(Actually they measured the ratio of 
Q(0)/Q(O,) and used values for Q(0,) of 
E. Brtiche’” (1927), 


Neynaber, Marino, Rothe and Trujilo’ 


(1963) [actually measured ratio of 
Q(N)/Q(Ng) and used Q(Ne) from Normand?+}, 
Bauer and Browne?? (1963) 

Joined smoothly between Refs. 17 and 18. 


Based on Bailey and Sommerville?” (1934), 
chosen on recommendation of Ref. 11 (their 
curve 6). 

Extrapolated from above. 

Read from graph in Massey and Burhop 
(1956). Based on data obtained by Ramsauer 
method. 


Joined smoothly between values from Refs. 15 
and 11. 


15 


Pack and Phelps~? (1961), and Engelhardt 
and Phelps~® (1964). Argon was used for 
air for T < 2000° only. 
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TABLE III 


ADAPTED FOR CALCULATIONS 
ELECTRON-NEUTRAL COLLISION CROSS SECTIONS FOR MOMENTUM 
TRANSFER AS A FUNCTION OF ELECTRON ENERGY 


(Q in units of 107?®cm?) 


E(ev) Ql0,)* QC Ne) Q(No) Qin) Qo) 


SENN WORTH ATS SUE IR RI Bm sieameeSS BOUIN RIN at tee ye 
OC CE ee | | 


0.00 (0.177) (0.0945) (0.30) 0.200 0.0792 
0.05 0.255 0.425 (0.35) .050 .0800 
0.10 0.333 0.625 (0.40) 920 0820 
0.15 0.398 0.720 (0.46) .030 .0880 
A 0.20 0.437. ~—-0.789 0.525 0.038 0.0924 
Lz 0.25 0.475 0.839 0.626 048 1600 
: 0.30 0.505 0.875 0.805 .056 1080 
& 0.35 0.525 0.907 0.8990 .062 .1170 
i 0.40 0.545 0.937 1.015 0.073 0.1276 | 
0.45 0.558 0.957 1.124 .085 1390 
' 0.50 0.570 0.975 1.220 .095 .1500 | 
0.55 0.575 0.990 1.288 .100 1610 
a 0.60 0.579 1.005 1.320 0.105 0.1716 
if 0.65 0.577 1.020 1.335 113 1840 
a 0.70 1.032 1.340 191 .1950 
it 0.75 1.042 1.337 .129 .2050 i 
; 0.80 1.052 1.327 0.135 0.2156 
(| 0.85 | 1.065 1,315 .142 2280 | 
pu 0.90 | 1.080 1.298 .150 2410 
: 0.95 1.095 1.272 .158 «2530 
(| 1.00 1.115 1.268 0.164 0.2640 
ee 1.05 1.130 1.254 171 2780 
1.10 1,152 1,240 "179 "2930 
| 1.15 Az? 1.228 .184 . 3080 
| {| 1.20 1.195 1.218 0.190 0.3212 
i 1.25 1.217 1.210 .198 3320 
| 1.30 1.240 1.206 .203 3420 
| (| 1.35 1.262 1.204 209 £3510 
1.40 1.282 1.204 0.217 0.3608 
1.45 1.305 1.206 220 3690 
f 1.50 1.325 1.215 227 .3770 
i 1.55 1.344 1.222 6231 3840 
1.60 v 1.410 1.230 0.239 0.3916 
1.65 1.490 1.239 246 3980 
[| 1.70 0.577 1.570 1.250 £251 4020 
é * Model I 
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E(ev) Q¢0z ) Q(N, ) Q(NO) Q(N) QG) 

IERIE ad NEE DS Dir ceR R AND d eOM B 

17S 0.577 1.640 1.264 .260 .407 fi s: 
1.80 0.577 1.700 1.276 0.267 0.4092 E 
1.85 0.585 1.78 1.25 271 416 : 
1.90 0.587 1.82 1.075 .279 419 [| : 
1.95 0.590 1.92 1.025 287 421 : 
2.00 0.592 2.00 0.98 0,294 0.422 8 
2.05 0.596 2.10 0.95 .300 428 [| : 
2.10 0.599 2.21 0.93 307 430 : 
2.15 0.603 2.32 0.915 312 434 : 
2.20 0.606 2.40 0.90 0.319 0.440 
2.25 0.610 2.45 0.881 327 440 [| 
2.30 0.613 2.48 0.88 5533 441 

9.35 0.616 2.49 0.875 340 441 : 
2.40 0.619 2.50 0.87 0.348 0.442 i 
9.45 0.622 2.50 0.865 «351 443 
2.50 0.625 2.50 0.860 359 445 

2.55 0.628 2.49 0.855 .368 .447 [] 
2.60 0.631 2.46 0.850 0.373 0.449 

2.65 0.633 2.43 0.850 379 45]. 

9.70 0.636 2.39 0.849 385 454 ry 
2.75 0.638 2.35 0.840 392 456 i 
2.80 0.640 2.29 0.835 0.400 0.458 : 
2.85 0.642 2.23 0.832 406 463 

2.90 0.644 2.16 0.830 “411 .468 [} 
2.95 0.646 2.08 0.825 419 470 

3.00 0.647 2.00 0.820 0.426 0.475 

3.05 0.648 1.93 0.817 2431 .476 {} 
3.10 0.650 1.86 0.815 440 478 

3.15 0.651 1.80 0.813 447 479 

3.20 0.653 1.75 0.810 0.452 0.480 

3.25 0.654 1.69 0.809 460 481 | 
3.30 0.655 1.64 0.805 467 482 

3.35 0.656 1.58 0.802 472 485 

3.40 0.657 1.53 0.800 0.480 0.488 [| 
3.45 0.658 1.48 0.795 485 489 

3.50 0.658 1143 0.790 1492 :490 | 
3.55 0.659 i37 0.790 497 491 5 
3.60 0.659 1.32 0.790 0.503 0.493 
3.65 0.659 1.26 0.790 510 495 

3.70 0.660 1.22 0.790 516 .497 | 
3.75 0.660 1.18 0.790 520 499 i 
3.80 0.660 1.13 0.785 0.527 0.501 

3.85 0.660 1.09 0.780 .530 503 ; 
3.90 0.660 1.06 0.775 535 .506 [| 
3.95 0.660 1.00 0.770 .540 508 s 
4.00 0.660 .990 0.766 0.545 0.516 


4.05 0.660 -980 0.766 0.550 0.510 


QO, ) Q(N, ) Q(NO) Q(N) Q(0) 


0.660 -960 0.766 0.5555 0.511 
0.660 -960 0.766 «509 S11 
0.660 -950 0.766 0.563 0.512 
0.660 -950 0.766 -567 -516 
0.660 «950 0.766 2567 ~519 
0.660 «950 0.766 -570 2523 
0.660 -950 0.766 0.577 0.526 
0.660 950 0.766 «580 -528 
0.660 -950 0.766 584 «530 
0.660 «950 0.766 -587 2533 
0.660 -960 0.766 0.588 0.536 
0.660 -960 0.766 591 -538 
0.660 -960 0.766 ~593 ~540 
0.660 -970 0.7625 ~597 2542 
0.660 -970 0.7650 0.598 0.544 
0.660 -980 0.7675 -599 2547 
0.660 «980 0.770 - 600 -548 
0.660 -990 0.7725 601 -549 
0.660 -00 0.775 0.601 0.550 
0.660 -990 0.7775 -601 -550 
0.660 -990 0.780 -602 -550 
0.661 -990 0.782 -602 «550 
0.661 -990 0.7835 0.602 0.550 
0.6615 -990 0.785 -602 «550 
0.662 -990 0.7865 -602 -550 
0.6625 -990 0.788 -602 «550 
0.663 -980 0.790 0.602 0.550 
0.664 -980 0.790 - 602 -550 
0.6646 -980 0.791 «602 -550 
0.6653 -980 0.7915 -603 -550 


-980 0.792 0.603 0.550 
980 0.7925 603 »550 


-980 0.793 -603 -550 
-980 0.794 -603 «550 
980 0.795 0.604 0.550 
-380 0.7975 -604 -550 
-980 0.800 -604 -550 
-980 0.8025 -604 -550 
-980 0.805 0.604 0.550 
-980 0.8075 -604 -550 
-980 0.810 -605 -550 
-980 0.810 -605 «550 
«980 0.810 0.605 0.550 
-980 0.810 -605 -550 
-980 0.810 -606 -550 
-980 0.810 -606 -550 
-980 0.810 0.606 0.550 
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QC03 ) 


0.717 
0.722 
0.726 
0.730 
0.734 
0.738 
0.742 


Q¢N, ) 


-980 
-980 
-980 
-980 
-980 
-990 
-990 
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Q¢(NO) 


0.81 
0.81 
0.81 
0.81 
0.81 
0.81 
0.81 


Q(N) Q¢o) 


0.607 0.550 ie 
.608 .550 
.608 .550 

0.609 0.550 (| 
.609 .550 
.609 .550 
“610 -550 [| 
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V. AVERAGE COLLISION FREQUENCIES FOR WEAKLY 
IONIZED Nz, O,, NO, N, O, DRY AIR 
AND ARGON 


Cw >> v) 


For w >> y, we have from Eq. 29 
Loe) 
= 4 -W al 
set. [ane dw , wegme 
3 A J 


T-1074 


Fev = W731 606 


ev 


where 


N(em™?) = lp p/po » ly = 2.6871x1019 
To = 273.16°K , Py = 1 atm, 


P 


atg = 760(p/po)T/273.16 

Po(Nz) = 1.250x107* gm/em® 3. pp(dry air) = 1.223x107% gm/cm® 
Po(O,) = 1.428107? gm/cm® 3 Pg(h.temp.air) = 1.293x107° gm/cm® 
Dry air: 78.0881% N, 3; 20.9795% 0, 3; 0.9324% A. 


High temp. air: 78.084% N, 3; 20.946% 0,3; 0.937% A; 0.033% CO, 
(only concentrations of N,, O2, N, 0, NO and electrons were used). 


For i-th species: 


vi) = Tt) ce eeu Oy = is 3,1) 10°P?),. = vd!) 1o-* Nowe 


> 


where J), 3, and }, are factors tabulated in the next tables and 


where 
vd) = ¥(/2.6871 
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TABLE IV 


AVERAGE ELECTRON COLLISION FREQUENCY 
FOR WEAKLY IONIZED DIATOMIC NITROGEN 


(w >> v) 


Ve on (Ne) -= ¥, ° 102? = = 0, °° 10°P awe = Ve * 107° Ny sec”? 
° 


Yo i v2 
0.664 2.388 0.2471 
1.319 2.371 0.4909 
1.385 2.371 0.5154 
1.451 2.371 0.5400 
1.517 2.370 0.5645 
1.582 2.370 0.5887 
1.648 2.369 0.6133 
1 FAs 2.368 0.6375 
1.778 2.366 0.6617 
1.842 2.364 0.6855 
1.906 2.362 0.7093 
1.970 2.360 0.7331 
2.033 2.357 0.7566 
2.096 2.354 0.7800 
2.159 2.351 0.8035 
2.221 2.348 0.8265 
2.283 2.344 0.8496 
: 2.344 2.340 0.8723 
2.405 2.336 0.8950 
2.466 2.332 0.9177 
: 2.526 2.328 0.9400 
2.586 2.323 0.9624 
3.163 2.274 1.177 
3.706 2.220 1.379 
4.219 2.166 1.570 
4.706 2.114 1.751 
5.618 2.019 2.091 
6.460 1.935 2.404 
7.251 1.862 2.698 
8.003 1.798 2.978 
8.728 1.743 3.248 
9.436 1.696 3.512 


In all tables only two significant digits can be expected to 
be accurate; the remaining two digits are included for 
smoothness and for comparison studies of effects of change 
in cross sections on collision frequency (see pg. 16 ). 
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TABLE IV (Cont.) 
[| AVERAGE ELECTRON COLLISION FREQUENCY 
FOR WEAKLY IONIZED DIATOMIC NITROGEN 
f (wy >> v) 
(e) - a ‘ea 
Tk pa ee ae v2 es 
| 2500 11.19 1.610 4.164 2 
3000 13.02 1.560 4.845 
3500 14.96 1.536 5.567 
[| 4000 17.00 1.527 6.326 
4500 19.07 1.523 7.097 
5000 21.15 1.520 7.871 
[| 5500 23.15 1.513 8.615 
6000 25.04 1.500 9.319 
6500 26.79 1.481 9.997 
7000 28.38 1.457 10.56 
[| 7500 29.82 1.429 11.10 
8000 31.10 1.397 11.57 
8500 32.25 1.364 12.00 
ft 9000 33.25 1.328 12.37 
i 9500 34.14 1.292 12.71 
10000 34.89 1.254 12.98 
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TABLE V 


AVERAGE ELECTRON COLLISION FREQUENCY FOR 
WEAKLY IONIZED DIATOMIC OXYGEN (MODEL I) 


Cw >> v) 


100% O33 09 = 1.428x107? gm/cm® 


ams 


Ve n6O2)> sec = VY + 10°? aor : 108 p( Oz) = 


% ° 1o7e No, Con?) 


fod ed. YES) 


1 

{ 

= 3 Z 

| T, Vo Vir Vo 

200 0.811 216 0.302 

| 210 0 844 1.444 0.314 

220 0.876 1.432 0.326 i 

230 0.909 1.421 0.338 } 

240 0.942 1.411 0.351 

| 250 0.975 1.401 0.363 ( 
260 1.007 1.392 0.374 i 
] 270 1.040 1.384 0.3870 
4 280 1.072 1.377 0.3990 
; 290 1.105 1.370 0.4112 [| 
7 300 1.138 1.363 0.4235 

310 1.170 1.357 0.4354 
: 320 1.202 1.351 0.4473 rm 
330 1.235 1.345 0.4596 

340 1.267 1.339 0.4715 

| 350 1.299 1.334 0.4834 

360 1.331 1.329 0.4953 ll 

370 1.363 1.324 0.5072 

\ 380 1.396 1.320 0.5195 

| 390 1.427 1,315 0.5311 [| 

400 1.455 1.311 0.5430 

| 500 1.772 1.274 0.6594 

600 2.075 1.243 0.7722 

i 700 2.367 1.215 0.8809 [] 

\ 800 2.649 1.190 0.9858 

900 2.919 1.166 1.086 

1000 3.179 1.143 1.183 [| 

1200 3.667 1.099 1.365 

1400 4.117 1.057 1.532 

! 1600 4.531 1.018 1.686 (] 

i 1800 4.915 0.9814 1.829 

2000 5.271 0.9473 1.962 
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I 2500 6.073 
: 3000 6.776 
3500 7.412 

; 4000 8.003 
i 4500 8.562 
5000 9.097 

5500 9.612 

6000 10.31 

6500 10.60 

7000 11.07 

11.54 
8000 11.99 
8500 12.44 
9000 12.88 
13.31 
13.73 
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TABLE V (Cont., O,) 
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0.8731 
0.8118 
0.7612 
0.7192 
0.6838 
0.6539 
0.6281 
0.6057 
0.5861 
0.5687 
0.5530 
0.5388 
0.5260 
0.5142 
0.5034 
0.4934 


- number of 0, molecules in 1 cm®. 
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TABLE VI 
AVERAGE ELECTRON COLLISION FREQUENCY 
FOR NO 
(w >> v) 
3.0 (NO) = 3 + 10 GO, a= 3, 108 i =% + 10° NO 
ce) 

Tok Yo V4 v2 
150 0.922 2.210 0.343 
200 1.108 1.991 0.4123 
250 1.287 1.851 0.4790 
300 1.466 1.756 0.5456 
350 1.647 1.692 0.6129 
400 1.835 1.649 0.6829 
450 2.032 1.622 0.7558 
500 2.238 1.609 0.8329 
550 2.455 1.605 0.9136 
600 2.684 1.608 0.9988 
650 2.924 1.620 1.088 
700 3.173 1.630 1,181 
750 3.432 1.645 1.277 
800 3.700 1.662 1.377 
850 3.972 1.680 1.478 
900 4.251 1.698 1.582 
950 4.535 1.716 1.688 

1000 4.821 1.733 1.794 

1100 5.400 1.764 2.010 

1.200 5.979 1.791 2.225 

1300 6.553 1.812 2.439 

1400 7.139 1.828 2.649 

1500 7671 1.838 2.855 

1600 8,209 1.844 3.055 

1700 8.729 1.846 3.248 

1800 9.232 1.843 3.435 

1900 9.717 1.838 3.616 

2000 10.18 1.830 3.788 

2500 12.25 1.762 4,559 

3000 13.95 1.671 5.191 

3500 15.33 1.574 5.705 

4000 16.46 1.479 6.125 

4500 17.38 1.388 6.468 
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TABLE VI (Contd., NO) 


Yo Vz 


18.14 1.304 
18.78 1.227 
19 .32 1.157 
19.77 1.094 
20.17 1.036 
20.53 0.9838 
20.85 0.9368 
21.15 0.8943 
21.42 0.8555 
21.68 0.8204 
21.94 0.7885 
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FIGURE 7 Average Electron Collision Frequency for Weakly lonized Ng, Og, and NO (u>>v) 
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T° 


1500 
1600 
1700 
1800 
1900 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 
10000 


N 


N 95 


Yo 


0.6134 
0.6696 
0.7271 
0.7858 
0.8458 
0.9070 
1.227 
1.570 
1.934 
2.316 
2.715 
3.134 
3.567 
4.012 
4.469 
4.935 
5.407 
5.883 
6.362 
6.840 
7.318 
7.794 


TABLE VII 


AVERAGE ELECTRON COLLISION FREQUENCY 
FOR ATOMIC NITROGEN 


(w >> v) 


0.1630 
0.1765 
0.1881 
0.1986 
0.2081 
0.2169 
0.2252 
0.2331 
0.2464 
0.2471 
0.2534 
0.2591 
0.2643 
0.2690 
0.2732 
0.2769 
0.2801 


N7 number of nitrogen atoms per cm®. 
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TABLE VIII 


AVERAGE ELECTRON COLLISION FREQUENCY 


FOR ATOMIC OXYGEN 


Cw >> ¥) 
agree =~ « no. p (9) - 
10 Co = %, * 10 Panlig = 
Vo Vy 
0.2169 0.5198 
0.2524 0.4537 
0.2849 0.4095 
0.3155 0.3780 
0.3450 0.3543 
0.3739 0.3360 
0.4026 0.3216 
0.4312 0.3100 
0.4600 0.3006 
0.4892 0.2930 
0.5187 0.2868 
0.5488 0.2818 
0.5794 0.2777 
0.6107 0.2744 
0.6426 0.2717 
0.6752 0.2697 
0.7085 0.2681 
0.7425 0.2669 
0.8127 0.2655 
0.8857 0.2653 
0.9615 0.2658 
1.040 0.2670 
11004 0.2687 
1.2054 0.2708 
1.2918 0.2731 
1.3807 0.2757 
1.4718 0.2784 
1.5652 0.2813 
2.0585 0.2960 
2.5829 0.3095 
3.1220 0.3206 
3.6633 0.3292 
4.1986 0.3353 
4.7239 0.3396 
5.2364 0.3422 
5.7359 0.3436 
6.2208 0.3440 


-~ 


Va 


0.08072 
0.09393 
0.1060 
0.1174 
0.1284 
0.1391 
0.1498 
0.1605 
0.1712 
0.1821 
0.1930 
0.2042 
0.2156 
0.2273 
0.2391 
0.2513 
0.2637 
0.2763 
0.3024 
0.3296 
0.3578 
0.3870 
0.4173 
0.4484 
0.4807 
0.5138 
0.5477 
0.5824 
0.7661 
0.9612 
1.162 
1.363 
1.562 
1.758 
1.949 
2.134 
2.315 
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TABLE VIII (Contd) 


74° Vo vy V9 


7000 6.6927 0.3436 2.491 
7500 7.1522 0.3428 2.662 
8000 7.5997 0.3414 2.828 
8500 8.0345 0.3397 2.990 
9000 8.4580 0.3378 3.147 
9500 8.8735 0.3357 3.302 
10000 9.2755 0.3334 3.452 


No - number of oxygen atoms per cm®. 
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‘ABLE VILIA | 
AVERAGE ELECTRON COLLISION FREQUENCY 
FOX WEAKLY IONIZED ARGON (| : 
(ie >> v) 
y= y,' 107 a ae 10° Py, =» sec i 
my 
t oy ¥, j 
100 0.8358 3.00% 4 
200 0.6869 1.234 
300 0.5469 0.6552 
| 400 0.4410 0.3942 
500 0.3657 0.2625 i 
600 0.3130 0.1875 
700 0.2767 0.1410 . 
800 0.2527 0.1135 (| 
300 0.2381 0.0951 ! 
1000 0.2311 0.0831 | 
1500 0.2791 0.0669 | 
2000 0.4234 0.0761 tit 
2500 0.6350 0.0913 ee 
3000 0.8974 0.1075 i 
3500 1.201 0.1234 | 
4000 1.541 0.1385 Ly 
4500 1.914 0.1529 
5000 2.317 0.1665 | 
6030 - 3.207 0.1921 || 
7000 4.199 0.2156 
8000 5.284 0.2374 =“ 
9000 6.452 0.2577 
10000 7.693 0.2765 Me 
11000 9.000 0.2941 ihe 
12000 10.36 0.3104 ; 
13000 11.78 0.3256 teed 
14000 13.23 0.3396 
15000 14.72 0.3526 : 
16000 16.23 0.3645 li 
17000 17.76 0.3754 
18000 19.29 0.3852 
19000 20.83 0.3941 
20000 22.37 0.4020 
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FIGURE 8 Average Electron Collison Frequency for Atomic Oxygen and Atomic Nitrogen (u>>v 
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TABLE IX 


AVERAGE ELECTRON COLLISION FREQUENCY FOR 
WEAKLY IONIZED DRY AIR (MODEL I) 


Cw >> v) 
78.0881% Nz, 20.9795% O, and 0.9324% A, op) = 1.223 x 10° gm/cm? 


Ve (air), secm? = 3 + 10%? 2 = 5, ° 10° Py, 


T, °K Vo v1 
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FIGURE 11 Total Average Electron Collison Frequency of Equilibrium Air (w>>v) 
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“quency (W>>Vv) (Based on Coulomb 


scattering with Debye cut-off) 


FIGURE 13 Average Electron lon Collision Fi 


TABLE X 

AVERAGE ELECTRON COLLISION FREQUENCY FOR : 
HIGH TEMPERATURE EQUILIBRIUM AIR* 
Cw >> vs v = Ve yn + Ve yt) e ; 
TK — logy 9/9, Vega see 3, sec”? Lov}. 3/2 Af 
2000 26 8.459x10° 8. 459x108 8.459 : 
-4 8.484x107 8.48410” 8.484 ‘ 
-3 8.492x10° 8.492x10° 8.492 Hl 
-2 8.495x10? 8.495x10° 8.495 5 
~1 8.495x102° 8.495x102° 8.495 ry ty 
2500 -5 5.746x10° 9. 750x108 9,750 ah 
-4 9.924107 9,925x10” 9.925 el 
-3 10.03 x10® 10.04 x108 10.04 ; 
~2 1.008x10?° 1.008x19° 10.08 af 
-1 1.009x10** 1.009xi01? 10.09 il 3 
0 1.010x102? 1,016%102* 10.10 Se 
2 1,.010x10?? 1.01010" 10.10 : 
2 is 
3000 -5 1127010" 1,132x107 1932 | ; 
-4 1.133x10® 1.136 x10® 11. 36 A 
-3 1.148x10° 115010? 11.50 : 
-2 1.165x10?° 1,165x10?° 11.65 | : 
-1 11 73%10:* 1,173x10+ 11.73 Jf 
0 1.176x10° 1.176.210" 11.76 : 
1 1.177x10** 1.377x10"* 11.77 i ‘ 
3500 -5 1, 291x107 1.326 x10’ 13,26 aan 
-4 1.299x10® i, 317 X10" 12,47 i 
-3 1. 307x10° 1.316 x10° 13.16 i i 
-2 1.322x10?° 1,326 x10?° 13,26 a 
-1 1.340x10?+ 1.341 x10"? 13.41 : 
0 1.349x102? 1,349 x10*? 13,49 : 
1 1.352x10** 1 S52 x10" = 13,52 i 
4000 -5 1.405x10” 1.546 x10” 15.46 ‘ 
ah 1.457x10® 1.530 x10® 15.30 [ : 
-3 1.477x10° 1.513 x10° 15,13 stp 
-2 1.490x10?° 1,507 x10*° 15.07 
ah 1.508x10** 1.515 x10** 15.15 
0 1. 523:x107 * 1.526 x10? 15.26 | : 
1 1, 531kK10** 1.531 x10*° 15.31 ake 
* “Based on species concentration from Refs. 34 and 35. : 
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TABLE X 


Ve a» seem? 


1, 320x107 
1; 541x10® 
1.626x109 
1.658x107° 
1.678x10!1 
1,696x102? 
1.708x10+* 
1.008107 
1.442x10°® 
1,701x10° 
1.803x10?° 
1.843x1071 
1.865x10?? 
1.879x10?9 


0.85Ix107 
1.173x10° 
1.631x10° 
1.886 *10?° 
1.985x10"2 
2.023x10!2 
2.041 x10#8 


0.8809x107 
9.988x10° 
1.422x10° 
1.868x102° 
2.083x10?1 
2.163x10?? 
2.191x107% 
1.032x107 
1.056x10° 
1.153x10° 
1.558x10?° 
2.075x107+ 
2.345x10* 
2439x108 


1.126107 
1.203x10° 
1.242x10° 
1.370x10?° 
1.835x1022 
2.350x10!? 
2.592x1073 


(Contd) 
vy, secm? 


1.720x107 
1.752x10° 
1.733x10° 
1.710x10?° 
1.701x1012 
1.705x10!2 
1.710*10'% 
1.938x10’ 
1.921x10® 
1.948x10° 
1.924x10?° 
1:898x10?2 
1.887102? 
1.885x10?% 
3,423x107 
2.159x10® 
2.113x10° 
2,124x102° 
2.095*10?2 
2.069x101? 
2.055x10*5 


8. 300x107 
3,293x10° 
2.301109 
2.282x10'° 
2.277x101? 
2.245101? 
2.217x107° 
4,238x10° 
1. 308x109 
4.657x10? 
2.694x10?° 
2,540x10?? 
2.542x10?2 
2.509x10?® 


1.451x10? 

4, 356x10° 

1. 333x10*° 
4,780x10?° 
2.871x10'* 
2.732x1072 
2.730%107* 


10722 . 5/2 
Po 


17.20 
17.52 
17.33 
17:10 
17.01 
17.05 
17.10 
19.38 
19.21 
19448 
19/24 
18.98 
18.87 
18.85 
34,23 
21.59 
21.13 
21.24 
20:95 
20.69 
20.55 
83.00 
32.93 
23,01 
22.82 
22:77 
22.45 
22.17 
423.8 
130.8 
46.57 
26.84 
25.40 
25.42 
25.09 
1451. 
435.6 
133.3 
47.80 
28.71 
273352 
27.30 


10000 


TABLE X 


Ve , 98ec72 


1.030x107 
1. 285x108 
1, 381x10° 
1.441x103° 
1.658x10%2 
2.20710? 2 
2.639xX1023 
6.871x10° 
1.218x10° 
1.472x10° 
1,570 xi0?° 
1.672 x1022 
2.048 x10?2 
2.594 x10?3 


(Contd) 


¥, sec™? 


3.465 x10° 

1.097 x102° 
3.269 x10?° 
1.015 x1032 
4.040 x1012 
2.911 x10? 
2.873 x10:2 
5.872 x10° 

2.164x10?° 
6.658x10?° 
1.981x10?2 
6.577 x102? 
3.348 x1022 
2.966 x10?3 


10722, %/2- 
sei Po 


3465, 
1097. 
326.9 
101;5 
40.40 
29.11 
28.73 
5872. 
2164, 
665.8 
198.1 
65.77 
33.48 
29.63 
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VI. DESCRIPTION AND USE OF TABLE XVIII OF AVERAGE 
ELECTRON COLLISION FREQUENCY FOR 
WEAKLY IONIZED GASES 
(MAXWELLIAN VELOCITY 
DISTRIBUTION) 
For a given i-th neutral species if its electron-neutral 
(momentum transfer) elastic cross séction dependence on energy (or 


velocity) can be approximated by at) 
> 


0D = af Pegh= OP emer, 


where a? and ae are constants, then one can use Table XVrit, 
whére for convenience for various n (and £) and various temperatures , 
the following quantities are listed: yt), D he s, and ae 
which are defined by the average (in the sense of Eq. (26)) colli- 
sion frequency cf an electron with i-th neutral species (to be uséd ; 


for w >> y, or for any yw with Qs A and Wz, See Table ‘XvIT). 


9,60 (see™) = SMa (Do, L. = Dy (i), fa, AC -3) = 


Zo) 
(i) ag (i), a (i) ake d ; 
$1059, R, Fumiig ; Yen pe ay ; (54), 
? i 3 
where 


n=22+1 , 


wy By 


ey Roe wens ° Pia ie or we 
COE SEAS SEL AOS DIENT IONS TON POSS Ab ast ANNIE ow Pon nape Poteet nara ten tances entielemEHE RTE, tatlitine se AN. 


pt) 
bade 
roe ae ee eee 3 
density of i-tn neutral species per cm 


é given gas and Py is 9 at Po = 1 atm and Tt, = 


ideal mixture is the number of i-th particles at a given high temp- 


is thé (ideal) gas partial pressure in mmHg, N, is the number 
» p is the mass dénsity of 


273.16°K, C, for an™ 


erature and pressure (or density) divided by the total number of 


particles at F and To: If the gas is ideal, nondissociateéd and 


nonionized C; = x, is the fraction of the i-th particle in the mix- 


ture, PBs a = 1. For ideal diatomic gas at To and P 6? which is 
1 


completely dissociated at some T and P, Zc, = 


2. 


Similarly, for 


compietely ionized ideal gas, which at Ty and P, is monatomic, 


Yc. = 2, and for the same gas consisting of only doubly ionized 


awms and electrons (e.g., A *¥ and e), Uc, = 3, etc. (The inclusion of 


real gas corrections, i.e., long distance Coulomb and virial correc- 


Sot. = 
tions will modify C;*s.) We have 


(i) ; 

Pp T 
N.=c, & ° =p =e, fe 
i 1 Pp o °? Py 1 0 T) 


where P is the total gas pressure. 


If T, is any listed temperature in TableX VIII, then for any 


other T 


ae 


ra 


Delt) | (55) 


1 


The total average electron-neutral collision frequency is 


Ve nf?) = = 2, a 


(57) 


For one component gas with complicated velocity (energy) 


depender.ce of cross-sections we can fit a polynominal to electron- 


54 


neutral cross-section (given in Fee or inv 


cm/sec 


as in Eq.(53)). 


Then reading directly from Table XVIII, D 42D fT) we have 


Fey = N DeayD4(7)- (58) 
There is no direct way of finding ats without additional numerical 
integration, 

For the general case of multicomponent mixture we can fit 


for the i-th species a polynominal to its cross-section, i.e., 


saree 


a) en?) S Daye, a> gore (59) 
2 n 


and reading directly D F from Table 6 


+ Dee ap 
‘e ARTIS 
eae | 


ey = Ns >» aj D, (60) 


a 


with final total average electron collision frequency summed over all 


me 


neutral constituents, 


eps 


Ye yn = Dien ; (61) 


The listed quantities in Table XVIII were computed from (for 


. “ Le ish ' re 
byt SB ERIS REE Se os 0 Ba eaten 4 steed tee 


Maxwellian distribution) ; 
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where L. = 2.6872 x 10 %om7> 


» and where 1 ev = 11605°K, i.e., 


if T is in °K and E in electron volts 


2 
m_v 
1“e _ — 21605 z 
2 kT, aS Z. Bey ¢ (63) 


Example 
The momentum transfer elastic cross-section for electron 


with helium was measured 33 to be 


Q=5.3x 107 Son? == fon O<E<0.06ev . 

Assuming this to be valid for higher energies we obtain an average 
electron-neutral collision frequency (w ~> y) for weakly ionized 
pure helium at T = 300°K and any pressure. | 


We have for £= 0 at T = 300% from TableXVIII Ro = 4,62x107. 


md 


Thus, 


on mek 23. . =16 i 8. “1 
Yen = 4462 x 10 543 X10 ”P a= 265 X 10'P gs Sec 


r 
on 


Experimental values for helium for P > 5mmHg was found to pe®? 


= 58: sae 
vy ~ 3.12 x 10 Fimlig? sec . 
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VII. AVERAGE ELECTRON COLLISION FREQUENCY IN 
TERRESTIAL ATMOSPHERE 
Cw >> vy and w << y) 
The largest error in a calculation of the electron collision fre- 
quency for an upper atmosphere as a function of aii altitude is 
associated with the choice of the pressure for a given altitude and 


the uncertainty of a composition and electron temperature at high 
altitudes (e.g., seé Fig. 14a and y = y(h) in Benson“’). 
In Table XIII we indicate, as an example, a calculation for a 


particular model. Figure 14 indicates comparisons with calcula- 


4 [ tions by Budden?? The atmosphere composition was taken from Refs. 
ee eee 
a f 30, 31 and 32. The electron ion collision frequency used in Eqs. 
ai 13 and 14 was that given by? 
7 _ 2 
al _ 4n fe , av 

Ora a) seer 


where 4, is the Debye length, 


da “Vaae = 4.00q/5- > Cm (T, = T,) ° (64) 


For w >> v 


where 


v 1% 3.633 —_N, infi+¢ 3213 BVT 9) ‘ (65) 
, T/T, Vi, 


Op geht fee Caretta te tnegr eh tn RS, Eh ot, 
*ESod Ldet Sasa ee E, 


Stare 


~ eereers pars 
comcd minciataie rece me es 


5, 


Care = setin ONpeTI EN Ye eM RoR GRAS alee Sy ee eee py te 


where T, and T, are electron and ion temperatures, respectively, N, 


is the eléctron concentration per cm? and where 


an (66) 


Ve Vr +, 


In equilibrium, T= T, = T, and ] = 1. The expression for Ve 
holds for kT<e/d, i.e., for T, > 5 x 107° N,*/%. 
In Fig. 12 and Fig. 13, the”électron ion collision frequency 
was computed from exponential integral? 
In Fig. 14a is given a particular interpretation of the 
electron temperature from a dumbbell probe which is still 


questionable’? 
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288 
io = 217 
20 217 
30 232 
40 241 
50 283 
60 256 
70 212 
80 197 
90 197 


100 300 
110 390 
120 480 
130 570 
140 660 
160 840 
190 100 
220 1200 
250 1200 
300 1200 
350 1200 
400 1200 
500 1200 
550 1200 
600 1200 
650 1200 
700 ©1200 
750 1200 


Based on: 


AVERAGE ELECTRON COLLISION FREQUENCY 


TABLE XIII 


FOR AN ATMOSPHERIC MODEL 


Ven» sec 


1.71x101# 
4,21x102° 
9.27x10° 
2.03x10° 
4.57%10° 
1.44x10° 
4,25x10? 
6.72x10° 
2.32x10° 
3.11x105 


6.73x104* 
1.71x10+ 
5.08x10° 
1.81x10° 
7.7910? 
2.30x10? 
7.653x10° 
2.76X10+ 
1.20x102 
3.74 
1.35 
5.40x107? 
9.92x107? 
4.54107? 
2.14x107 
1.02107? 
4.98x107% 
2.45x1079 


Cw >> v) 


Ve a> sect? 
pe as 


2.2 
11.34 
582x107 
2.1010? 
4.29%10° 
6.33x10? 
3.15x10? 
2.21%10? 
1.57x10? 
1. 11%10* 
7.82x102 
5.48x102 


1.71x101} 
4,21x10° 
9.27x10° 
2.03x10° 
4.57x108 
1.44x10° 
4.25%107 
6.72108 
2.32x108 
311x105 


6.73x10* 
1.71x10* 
5 .08x 10° 
1.81x108 
7.81x10* 
2.32K10? 
7.75x10° 
3.90x10* 
702x10* 
2514x107 
4, 30x10? 
6.34x10? 
3.1510? 
2.21%10? 
1.57x10? 
1.1110? 
7+82x10? 
5 .48x102 


3.39x10° 


6.50x104 
1.51x10* 
8. 20x10° 
2.10x10° 
11:0 x10? 


Osh<90 km, constant composition, ICAS Standard Atmosphere, from 


Handbook of Chemistry and Physics, 43d ed., pg. 3422 (1961- 
1962). 


100<h¢750 km, from L.R. Megil and N;P. Carleton, J. Geophys. Res. 
69, 101 (1964). Assumption T, = T, =T. i 

Last “Column: v based on atmosphere » model by Nicolet, 
with a. = T, and his T, (see Fig. 14). 
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3000 Experiments by Dumbell Probes: 
NASA 6:03 (11 EST, 3 Aug 1960): & 
Wallops Island,. Va; i“ 
% On ascend 2 
7 & on descend # 
2600 _ (disturbed ionosshere) * * FA 
NASA 6.04 (11 EST, 2 Mar 1961): t 2 
Wallops Island; Vas + % 
@ On ascend ; = 
@ on descend * * * ; 
(quiet ionosphere) : "§ é e e 
2200 NASA 6.05 (23 EST, 21 Dec 1961): t 
Wallops Island; Va. bd Sug 
@ on ascend ¥ ° ° 
© on descend 4 
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FIGURE 14a Measured Electron Temperature, T, vs. Altitude 


Meera From Brace, L.H., et al., J. Geophys. Res. 68, 5397 (1963) 
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VIII. THE ELECTRIC CONDUCTIVITY 
‘e OF WEAKLY IONIZED GASES FOR ANY 
m4 © MICROWAVE FREQUENCY 


ay we a fa 
‘ 


As defined in Eqs. (6)-(8), the corrections to the électric 


conductivity of weakly ionized plasma of No» Op and Air are given 


in Tables XI, XII, XIV, XV and XVI and in Pigs. 15 - 23. For a 


gas having momentum transfer cross-section given by Eq. (53), 


Table XVII and Figs. 24 - 26 give corrections to the electric con~ 
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TABLE XI 


THE DC ELECTRIC CONDUCTIVITY 
FOR DIATOMIC NITROGEN 
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TABLE XII 
THE DC ELECTRIC CONDUCTIVITY OF 0; AND AIR 
(MODEL T) 
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= weve) Oyag oy > %(0) = a, at w= 0, etc. 
vo, for 0,, (Model I) y0, for Air, (Model I) 


0.625 0.778 
0.734 0.954 
0.840 1.130 
0.946 1.305 
1.050 1.479 
1.255 1.824 
1.457 2.163 
1.656 2.494 
1.851 2.818 
2.043 3.134 
2.232 3.444 
2.599 4.041 
2.952 4.610 
3.291 5.156 
3.616 5.681 
3.927 6.187 
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FIGURE 28 Comparison of Correction Qe from Model I and II (Air) 
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